The main purpose of this work was to determine adsorption characteristics of fluoride, nitrate and sulfate ions on the AFN membrane. The sorption isotherms for F À , NO 
(PEI)
SYMBOLS q e sorption capacity of the membrane at equilibrium (mmol g -1 )
C 0 initial anions concentrations (mmol L -1 )
C e concentrations at equilibrium (mmol L were carried out to study the adsorption of contaminant ions onto ion exchange resins and membranes. Investigators found that removal of ions using resins and membranes has a good potential for water treatment. In fact, Chabani et al. () 
On the other hand, studies on separation using ion exchange membranes have resulted in difficult separations.
One of the unsolved problems of ion exchange membrane is the separation of ions with the same charge and different valences. Several studies have shown that the efficiency of separation of ions from water using ion exchange membranes is dependent of the selectivity of these membranes for monovalent ions against multivalent ones. In this con- 
EXPERIMENTAL PROCEDURE Membrane characteristics
The commercial anion exchange membrane evaluated in this investigation is the AFN membrane provided by Tokuyama Soda. The base polymer of this membrane is styrene and divinylbenzene, and the ionic fixed sites are quaternary ammonium groups, rendering the membrane a strong anion exchanger. The main characteristic of the AFN are presented in Table 1 .
Adsorption experiments
To obtain adsorption isotherms of F À , NO The sorption capacity q e (mmol.g -1 ) of the membrane at equilibrium was given by the following equation:
where C 0 (mmol.L -1 ) and C e (mmol.L -1 ) are the initial anion concentration and the concentration at equilibrium, respectively, V is the volume of solution and m is the mass adsorbent.
Surface modification
The AFN membrane surface was modified by adsorption of PEI which was obtained from Sigma-Aldrich. The PEI used in this investigation is a branched chain polymer that contains primary, secondary and tertiary amine groups in a ratio of approximately 1/4, 1/2 and 1/4, respectively.
The methodology used to modify the AFN membrane has been described extensively in our previous studies
was immersed in 250 mL of a stirred PEI aqueous solution of a given concentration at 25 W C for 6 days. At the equilibrium, the membrane was rinsed with ultrapure water to eliminate the excess of PEI. Several parameters affecting the modification of ion exchange membrane and the initial concentration of PEI, the molecular weight of PEI and the pH of the solutions were evaluated in this investigation.
The polyethyleneimine concentration was determined using the UV absorption spectrum of copper-PEI complex.
The solution containing PEI was mixed with a cupric sulfate solution and then analyzed by UV absorption spectrum. The maximum absorption of the copper-PEI complex was located at 326 μm.
RESULTS AND DISCUSSION

Adsorption isotherms onto unmodified AFN membrane
Adsorption isotherms establish the relationship between the amount of anion adsorbed per gram of membrane, q e (mmol.
, and the amount of anions left in equilibrium solution, C e (mmol.L -1 ). They can give information about the distribution of the adsorbate anions between the solution and the membrane phases when the adsorption process reaches the equilibrium state (Vasiliu et al. ) . Several isotherm models were used to describe adsorption characteristics.
The adsorption of fluoride, nitrate and sulfate ions onto The non-linear forms of the studied models are given in Table 2 .
The characteristic parameters, for the adsorption of on the unmodified AFN membrane were determined from the non-linear regression using the 
For the R-P model the β RP magnitudes for the adsorption of 
For the D-A model the heterogeneity parameter n D was also estimated. This parameter is dependent on the adsorbent surface properties (Dron & Dodi ) . It was mentioned that higher values of n D (n D > 3) indicate a greater homogeneity of the materials. In this study the n D values were determined to be in the range 3:05 < n D < 3:11 indicating the high homogeneity of the unmodified AFN membrane.
In order to evaluate the best fit of isotherm equations for the studied adsorption models to the experimental data, the chi-square test, χ 2 , was used and it is given (Abdelwahab et al. ) by the following equation:
where q e,exp and q e,cal are the experimental and calculated equilibrium capacities (mmol.g -1 ). The best isotherm was that with the highest regression coefficient, R 2 , and lowest chi-square statistic χ 2 . Obtained values are given in Table 4 .
As seen from Table 4 , the Langmuir model describes the best fit to the experimental data.
SURFACE MODIFICATION OF THE AFN MEMBRANE Factorial design study
The modification of the AFN membrane by the adsorption of PEI on its surface was determined as a function of the several parameters such as: initial PEI concentration, pH solution and molecular weight of the PEI. To investigate the influence of these parameters an experimental design methodology by means of a full factorial design (2 3 ) has been adopted.
The objective of the factorial design was to find parameters that have a significant influence on the adsorption of PEI on the surface of the AFN membrane. In this study a full factorial design of the type 2 3 was used to investigate the influence of three parameters on the surface modification of the AFN membrane. These factors were: initial PEI concentration (X 1 ), molecular weight of the PEI (X 2 ) and solution pH (X 3 ).
The factorial levels of the coded factor are presented in Table 5 . surface. This result is in agreement with the heterogeneity parameter β RP deduced from the R-P model which is equal to 1. As seen in Table 6 , the values of the heterogeneity par- ions. It is shown, from the results given in Table 6 , that after surface modification of the AFN membrane the maximum adsorption capacities of fluoride and nitrate ions increase. The maximum adsorption capacity of sulfate on the unmodified membrane, however, is larger than that of the modified one.
For the modified AFN membrane, the E values determined from D-A model were found to be 9.49, 9.45 and 8.33 kJ.mol À1 , respectively, for fluorides, nitrates and sulfates. Results show that the affinity order is: The different adsorption parameters determined from the non-linear regression are illustrated in Table 7 . 
CONCLUSIONS
The adsorption of fluoride, nitrate and sulfate ions on the AFN membrane was studied. The suitability of the Langmuir, D-A and R-P adsorption models to the equilibrium data was investigated. Adsorption parameters were determined from non-linear regression. Results were found to best fit Langmuir adsorption isotherm. In order to improve the selectivity of the AFN membrane towards anions, modification of the surface of this membrane with PEI has been attempted. An experimental design methodology was adopted in this study to determine the optimal experimental conditions for the modification of the AFN membrane. Factorial design results showed that the main influent parameters for the adsorption of PEI on the surface of the membrane were the initial concentration and the pH of the PEI solution. Modified AFN membrane had higher adsorption capacities for fluoride and nitrate than the unmodified membrane, while the adsorption capacity for sulfate ions decreased after the surface modification of the membrane. According to these results it can be concluded that the modified AFN membrane is an effective adsorbent for the removal of fluorides from aqueous solutions. 
